CHAPTER

CANONICAL AND QUADRATIC FORMS

4.1 Jordan Canonical Form: Basic Properties

Recall that an n x n (complex) matrix A is diagonalizable if and only if A has a full set
of n linearly independent eigenvectors, or equivalently, the dimension of each eigenspace
E(X) = N (A — A) is equal to the multiplicity of the eigenvalue \. Hence, if Ay, ..., \; are
distinct eigenvalues of A with multiplicities m,,, . .., m,,, respectively, then

dim E(A\) + - +dim E(\) =my, +---+my, =n

and
C'=EMN)@--dEN).

On the other hand, a matrix A is not diagonalizable if and only if A has an eigenvalue A
with multiplicity my > 1 such that

1 <dim E(X\) < my,

so that the number of linearly independent eigenvectors belonging to A must be less than m.

However, even if a matrix A is not diagonalizable, one may try to find a matrix similar to
A which has as many zero entries as possible except diagonals. Schur’s lemma says that any
square matrix is similar to an upper triangular matrix. In fact, any square matrix A can be
similar to a matrix much “closer” to a diagonal matrix, called a Jordan canonical form. Its
diagonal entries are the eigenvalues of A, the entry just above each diagonal entry is 0 or 1,
and all other entries are 0. In this case, the columns of a basis-change matrix () are something
like eigenvectors, but not the same in general. They are called generalized eigenvectors.

(Theorem 4.1.1. For any square matrix A, A is similar to a matrix J of the following forml
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104 §4.1. Jordan Canonical Form: Basic Properties

called the Jordan canonical form of A or a Jordan canonical matrix,

Jp 0
J
J=QlAQ = : ,
0 Js

in which
(1) s is the number of linearly independent eigenvectors of A, and
(2) each J; is an upper triangular matrix of the form

A1 0

Ji = )
1
0 Y

where \; is a single eigenvalue of J; with only one linearly independent associated eigen-
vector. Such J; is called a Jordan block belonging to the eigenvalue \;. )

-
Proof. Beyond the scope of our text and syllabus. U

Note that if an n x n matrix A has a full set of n linearly independent eigenvectors (that
is s = n), then there have to be n Jordan blocks so that each Jordan block is justa 1 x 1
matrix, and an eigenvalue A appears as many times as its multiplicity. In this case, the Jordan
canonical form J of A is nothing but the diagonal matrix with eigenvalues on the diagonal and
a basis-change matrix () is defined by taking the n linearly independent eigenvectors as its
columns. Thus, a diagonal matrix is a particular case of the Jordan canonical form.

Remark 4.1.2. (1) For a given Jordan canonical form .J of A, one can get another one by
permuting the Jordan blocks of J, and this new one is also similar to A. In fact, we
shall see later that, any two Jordan canonical forms of A cannot be similar except this
possibility. Thus, any (complex) square matrix A is similar to only one Jordan canonical
matrix up to permutations of the Jordan blocks. In this sense, it is called the Jordan
canonical form of a matrix A.

(2) As an alternative way to define the Jordan canonical form of A, one can take the
transpose .JJ. of the Jordan canonical matrix .J given in the above theorem. In this case,
each Jordan block becomes a lower triangular matrix with a single eigenvalue. However,
this definition does not make any difference.

The following example shows which matrices A have the Jordan canonical form .JJ and how
the s linearly independent eigenvectors of A (or J) correspond to the Jordan blocks in J.

Example 4.1.3 (Each Jordan block to each eigenvector). Let J be a Jordan canonical matrix

of the form:
6 1
0 6 Ji

SR
2]
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§4.1. Jordan Canonical Form: Basic Properties 105

Find the number of linearly independent eigenvectors of J and determine all matrices
whose Jordan canonical forms are J.

Solution: Since J is a triangular matrix, the eigenvalues of J are the diagonal entries 6 and 2
with multiplicities 2 and 3, respectively. The eigenspace F'(6) has a single linearly independent
eigenvector because by the Rank Theorem (Theorem 1.6.5),

dim E(6) = dim N (J — 6I) = 5 — rank(J — 6I) =5 — 4 = 1.
To find the eigenspace £(6) of the matrix, the matrix equation (J — 6/)x = 0 yields

01 0 0 O0f](|xn 0
00 0 0 0] |z 0
00 —4 1 0] |x3|=10].
00 0 —4 0] |z4 0
00 0 0 -4 |xs 0
This gives o = 0,23 = 0,24 = 0, z5 = 0. Letting the free parameter 1 = t (t € R), we have
I t 1
) 0 0
X = |T3| = 0] =t|0]| = tel.
T4 0 0
Iy 0 0

Thus, the eigenspace is one-dimensional and is given by
E(6) = {te; |t € R} = dim E(6) = 1.

This single basis vector e; = (1,0, 0,0, 0) corresponds directly to the single Jordan block .J;
associated with the eigenvalue \ = 6.

Similarly, we can see that the eigenspace F/(2) has two linearly independent eigenvectors
e; and e; with
dim E£(2) =5 —rank(J —2]) =5—-3 =2,

and A\ = 2 appears in two blocks J; and J3.

Hence, if a matrix A is similar to .J, then A is a 5 x 5 matrix whose eigenvalues are 6 and 2
with multiplicity 2 and 3 respectively, but there is only one linearly independent eigenvector
belonging to 6, (i.e., dim £(6) = 1) and there are only two linearly independent eigenvectors
belonging to 2, (i.e., dim F(2) = 2).

In general, if a matrix A is similar to a Jordan canonical matrix J, then both matrices have
the same eigenvalues of the same multiplicities and dim N'(A\I — A) = dim N'(\I — J) for
each eigenvalue ). U

Exercise 4.1.4. Show that for any Jordan block .J, the order of J is the smallest positive
integer k such that (J — A\I)* = 0, where ) is an eigenvalue of .J.

An eigenvalue A\ may appear in several blocks. In fact, the number of Jordan blocks
belonging to an eigenvalue A is equal to the number of linearly independent eigenvectors of A
belonging to A, which is the dimension of the eigenspace E(\) = N (A — A). Moreover, the
sum of the orders of all Jordan blocks belonging to an eigenvalue ) is equal to the multiplicity
my of \.

The following example shows all possible cases of Jordan blocks belonging to an eigenvalue
A when its multiplicity m, is fixed.
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Example 4.1.5 (Classifying Jordan canonical matrices having a single eigenvalue). Classify
all possible Jordan canonical forms of a 5 x 5 matrix A that has a single eigenvalue \ of
multiplicity 5 (up to permutations of the Jordan blocks).

Solution: There are seven possible Jordan canonical forms as follows.

1)

(2)

3)

C))

Suppose A has only one linearly independent eigenvector belonging to \. Then the
Jordan canonical form of A is of the form

A1 000
0Xx100
JY =0Q7'AQ=10 0 X 1 0f,
000 X1
0000 X

which consists of only one Jordan block with eigenvalue A on the diagonal. And, both
A and JM have only one linearly independent eigenvector belonging to A. (Note that
rank(JM — \I) = 4.)

Suppose it has two linearly independent eigenvectors belonging to \. Then the
Jordan canonical form of A is either one of the forms

Al A
0 A A1 0 0
J? = A1 o0 or J® = 0XN10 |,
0 XA 1 00 X1
0 0 A 00 0 A
each of which consists of two Jordan blocks belonging to the eigenvalue A. Note that
J? has two linearly independent eigenvectors e; and es, while J) has e; and e,.
These two matrices J®) and J©®) cannot be similar, because (J? — A\I)? = 0, but
(JB® — XI)3 # 0. (can be justified by a direct computation).
Suppose it has three linearly independent eigenvectors belonging to A\. Then the
Jordan canonical form of A is either one of the forms

A A
A1

JW = 0 A or JO = A1

21 0 A

0 A 0 0 A

0 1,
1

each of which consists of three Jordan blocks belonging to the eigenvalue A. Note that
J® has three linearly independent eigenvectors ey, e; and e4, while J ) has ey, e5 and
es. These two matrices J® and J®) are not similar, because (J*) — \I)? = 0, but
(JO = AI)? #£0.

Suppose it has four linearly independent eigenvectors belonging to A\. Then the
Jordan canonical form of A is of the form

A

JO = A :
Al
0 A

which consists of four Jordan blocks with eigenvalue \.
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(5) Suppose it has five linearly independent eigenvectors belonging to A\. Then the
Jordan canonical form of A is the diagonal matrix .J(7) with diagonal entries .

A0 00 0
0 X0 0 0
JD=10 0 X 0 0
00 0 X\ O
0000 A

Note that all of these seven possible Jordan canonical matrices have the same trace, determinant
and the same characteristic polynomial, but no two of them are not similar to each other. [J

As shown in the case (2) (also in (3)) of the above example, two Jordan canonical matrices
J@ and J®) have the same eigenvalue of the same multiplicity and they also have the same
number of linearly independent eigenvectors, but they are not similar. The problem of choosing
one of the two possible Jordan canonical forms which is similar to the given matrix A depends
on the sequence of rank(A — \I)* for ¢ = 1,2,...,n.

The next example illustrates how to determine the orders of the Jordan blocks belonging to
the same eigenvalue \.

Example 4.1.6 (Determine Jordan blocks belonging to the same eigenvalue). Let J be a
Jordan canonical matrix with a single eigenvalue A:

A1o
0 A1
Jp 0 0 0 A
_ Jo . Al
/= A 0 A
0 I, Al
0 A
i (Al
Then,
0 0 1 ]
0 0O
00 0
(J = A)? = - and (J—A)?=0. O
0 0
0 0
[0] ]

Thus, one can get rank(J — M) = 4, rank(J — AI)? = 1 and rank(J — AI)® = 0. This
sequence of ranks, rank(.J — A )* for £ = 1,2, 3, determines completely the orders of blocks
of J. In fact, one can notice that

(i) the fact that (J — AI)? = 0 but (J — AI)? # 0 implies that the largest block has order 3,
(ii) rank(J — AI)? = 1 is equal to the number of blocks of order 3,
(iii) rank(J — AI) = 4 is equal to twice the number of blocks of order 3 plus the number of
blocks of order 2, so there are two of them,
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(iv) the number of blocks of order 1is 8 — (2 x 2) — (3 x 1) = 1.

Example 4.1.7 (Jordan canonical form of a triangular matrix). Find the Jordan canonical

form .J of the matrix
4

1
2 -1
0 3

A:

S O N

Solution: Since A is triangular, the eigenvalues of A are the diagonal entries A\; = Ay = 2,
A3 = 3. Hence, there are two possibilities of the Jordan canonical form of A:

2 00 210
JU=10 20 o J¥=|0 2 0f.
00 3 00 3
But, one can see that rank(A — 27) = 2. It implies that rank(J — 2/) = 2 and so the Jordan
canonical form of A must be J®. g

Example 4.1.8 (Jordan canonical form of a companion matrix). Find the Jordan canonical
form J of the matrix

0O 1 0 O
0O 0 1 O

A=19 0 o 1|’
-1 4 —6 4

Solution:
A =1 0 0
0 AN -1 0
det(A\] — A) = 0 0 1
1 -4 6 MN—4

=AM —0-My +0-Msy —1- My,

where M, and My, are the respective minors:

A -1 0 -1 0 0
Mll == O /\ —1 5 M41 == )\ —1 0 .
-4 6 A—-4 0 X -1

Note that My, = (—1) - (—1)-(—1) = —1 and

6 \—4 A -1
= A\ — 4\ +6) — 4(1)
=\ — 4\ +6) — 4.

MH:A’)\ -1 1 o‘

-4

Therefore,

det()\I — A) = )\MH — M41
= AN — 4N+ 61 —4) — (1)
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§4.2. Generalized eigenvectors 109

=M oA+ 602 -4+ 1
=(-1"

The eigenvalue of A is A = 1 of multiplicity 4. Note that the rank of the matrix A — 1 - [
cannot be 4 as it is a 4 x 4 matrix with det(A — 1 - 1) = 0. So, we can say that the rank of

-1 1 0
1

w = o O

0o 0 -1
-1 4 —6
is 3; by noting that the first three rows are linearly independent, or the determinant of the 3 x 3
principal submatrix of the upper left part is not zero. Hence, the rank of J — [ is also 3 and so
J — I must have three 1’s beyond diagonal entries. It means that

SO O =
S O = =
O = = O
—_ = O O

Exercise 4.1.9. Let A be a 5 x 5 matrix with two distinct eigenvalues: A of multiplicity 3 and
1 of multiplicity 2. Find all possible Jordan canonical forms of A up to permutations of the
Jordan blocks.

Exercise 4.1.10. Find the Jordan canonical form for each of the following matrices:

i 0
[,
4 1 2
2) [0 4 2|,
0 0 4
1110
0200
@ 1o 01 1|
00 0 2

4.2 Generalized eigenvectors

Note that if .J is the Jordan canonical form of a matrix A, then they have the same eigenvalues
and the same number of linearly independent eigenvectors, but not the same set of them in
general. Note that x is an eigenvector of J = Q' AQ if and only if ()x is an eigenvector of A
because if Jx = Ax, then

J=0Q'AQ = QJx = AQx = \Qx = A(Qx).

In fact, if J is given, then a basis-change matrix () is a nonsingular solution of a matrix
equation AQ) = @QJ.

The following example illustrates how to determine a basis-change matrix () when a matrix
A and its Jordan canonical form J are given.
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Example 4.2.1 (Each Jordan block to each chain of generalized eigenvectors). Let A be a
5 x b matrix similar to a Jordan block of the form

QAQ=J =

o O OO
O O O >
O O >~ O
O > = OO
> = o O O

Determine a basis-change matrix () = [x; X2 X3 X4 X5].

Solution: Clearly, two similar matrices A and .J have the same eigenvalue A of multiplicity
5. Since rank(J — AI') = 4, by the rank theorem, dim N'(J — Al) =dim E(\) =5 —4 = 1.
In fact, it is easy to see that J has only one linearly independent eigenvector, which is
e; = (1,0, 0,0, 0). Then as seen above QQe; = x; is a linearly independent eigenvector of
A. Also, note that the smallest positive integer k such that (A — M\ )* = (J — A[)* = 0is 5
which is the order of the block J.

To see what the other columns of () are, we expand the matrix equation AQ) = Q).J as
[Ax; Axg Ax3 Axy AX5) = [AX] X1+ AXa Xo + AX3 X3+ Axy X4 + Ax3).

By comparing the column vectors, we have

Axs = x4 + AX5, or (A—A)x5=(A—A)'x5 = x4,
Axy = X3 + Axy, or (A—M)xy=(A—\)*x5 = X3,
Ax3 = X9 + Ax3, or (A—M)x3=(A—M)x5 = Xo,
Axy = X1 + AXo, or (A—M)xy=(A—\)*%x5 = xl,
Ax; = Axy, or (A—M)x;=(A—-\)%x5 =

Note that the vector x5 satisfies (A — A\ )°x5 = 0 but (A — M\)*x; = x; # 0. However,
(A— XI)® = (J — AI)® = 0. Hence, in principle, we need to find only one vector (called the
rank-5 generalized eigenvector) such that (A — \I)*x5 # 0, i.e., a solution of (A — \I)?x # 0.
Once we get x5, then all other x;’s can be obtained as x4, = (A — A )x5, x3 = (A — A)xy,
X9 = (A — /\])Xg, etc.

Such a vector x; is called a generalized eigenvector of rank 5, and the (ordered) set
{x1,...,x5} is called a chain of generalized eigenvectors belonging to \. Therefore, the
columns of the basis-change matrix () form a chain of generalized eigenvectors. U

Definition 4.2.2. A nonzero vector x is said to be a generalized eigenvector of A of rank
k belonging to an eigenvalue A\ if

(A=M)fx =0 and (A—X)*'x#0.

Note that if £ = 1, this is the usual definition of an eigenvector. For a generalized
eigenvector x of rank £ > 1 belonging to an eigenvalue A, define
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X = X,
Xp_1 = (A — A)xg = (A - \)x,
Xp_o = (A — A)xp_1 = (A — \)?x,
XQZ(A—/\]>X3 = (A—)\I)k_2 s
x; = (A — A)xy = (A= \)F!
Definition 4.2.3. The set of vectors {x;, Xs, . .., X} | is called a chain of generalized eigen-

vectors belonging to the eigenvalue ). The eigenvector x; is called the initial eigenvector
of the chain.

The following successive three theorems show that a basis-change matrix () can be con-
structed from the chains of generalized eigenvectors initiated from s linearly independent
eigenvectors of A, and also justify the invertibility of (). (A reader may omit reading their
proofs below if not interested in details.)

Theorem 4.2.4. A chain of generalized eigenvectors {x1,Xa, ...,X;} belonging to an
eigenvalue )\ is linearly independent.

Proof. Let c1x1 + coXo + - - - + ¢ X = 0 with constants ¢;, ¢ = 1, ..., k. Multiplying both
sides (to the left) by A — A\, we get

A(A—=ADxy + (A= ADxo+ -+ (A= Ax, =0
= (A= A)xo+ -+ (A= A)x, =0 (A= A)x; =0).

Again multiplying above on both sides (to the left) by A — A1, we get

CQ(A — )\I)2X2 + Cg(A — )\I)2X3 + -+ Ck(A — )\I)2Xk =0
= Cg(A — )\[)2){3 + - "—Ck(A — )\[)QXk =0
(7 (A= M)?*x = (A — M((A = \)x;) = 0).

Thus, if we multiply (on the left) both sides of this equation by (A — AI)*~!, then for
1=1,....k—1, we get

(A= XDF1x; = (A= AN (A - XDk, = 0.
Thus, ¢, (A — AI)*~1x;, = 0, and, hence, ¢;, = 0. Then our equation has the form
C1Xy+ -+ 1 X1 = 0.

As done before, multiplying it with (A — \I)*~2, wet get ¢y = 0.
Proceeding successively, one can show that c; = 0 forall: =1,... k. U
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Theorem 4.2.5. The union of chains of generalized eigenvectors of a square matrix A
belonging to distinct eigenvalues is linearly independent.

Proof. For making the proof simple and concise, we prove this theorem for only two distinct

eigenvalues. Let {X1,Xa,...,X;} and {y1,¥2,...,y¢} be the chains of generalized eigenvec-
tors of A belonging to the eigenvalues A and i, respectively, and let A # . In order to show
that the set of vectors {xy, ..., Xy, ¥1,.-..,Ye¢} is linearly independent, let

axy+ -+ oXp+diyr +---+diye=0

with constants ¢;’s and d;’s. We multiply both sides of the equation by (A — A\I)* and note
that (A — M\ )*x; = O foralli = 1,..., k. Thus we have

(A— )‘I)k(dmﬁ + doys + -+ - + dpys) = 0.

Again, multiply this equation by (A — p)*~! and note that
o (A= ) (A= A = (A= MD(A — pI)!

s (A—pu)y, =y
* (A—pul)"ly;=0

fori =1,...,¢ — 1. Thus we obtain
0 = do(A— Xy,
Because (A — ul)y; = 0 (or Ay; = uy1), this reduces to
do(p = Ay =0,

which implies that d, = 0 by the assumption A #  and y; # 0. Proceeding successively, one
canshow thatd; = 0,7 =/, ¢/ —1,...,2,1, so we are left with

X1+ -+ opxp = 0.

Since {x1, ..., X} is already linearly independent by Theorem 8.2, ¢; = O foralli =1, ... k.
Thus the set of generalized eigenvectors {x1,...,Xx, ¥1,...,y¢} is linearly independent. [J

The next step to determine () such that AQ) = ().J is how to choose chains of generalized
eigenvectors from a generalized eigenspace, which is defined below, so that the union of the
chains is linearly independent.

Definition 4.2.6. Let \ be an eigenvalue of A. The generalized eigenspace of A belonging
to A, denoted by K, is the set

Ky={xeC":(A—-\)’x =0 forsome positive integer p}.

It turns out that dim K, is the multiplicity of A, and it contains the usual eigenspace

N(A = ).
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Example 4.2.7 (Basis-change matrix for a triangular matrix). For a matrix

1 4
2 —1|,
0 3

A=

S O N

find a basis-change matrix () so that Q' AQ is the Jordan canonical matrix.

Solution: Method 1: In Example 4.1.7, the Jordan canonical form J of A is determined as
210
J=10 2 0.
00 3
By comparing the column vectors of AQ = @QJ with Q = [x; X5 X3], one can get

AXl = 2X1, AX2 = 2X2 + X1, AX3 = 3X3.

Then (by definition), x; and x3 are eigenvectors of A belonging to A = 2 and \ = 3 repectively.

1. Eigenvector x; belonging to A =2 We solve (A — 2/)x = 0:
01 4 T 0
0 0 —1f [zo| = |0].
0 0 1 T3 0

From the second and third rows, —z3 = 0 = x3 = 0. Substituting into the first row:

1
The variable z; is free. Choosing ;1 = 1, we obtain: x; = 0] .
0

2. Eigenvector x; belonging to A =3 We solve (A — 3/)x = 0:

0 —1 —1| |z = |0]f.
0 0 0] |z 0

Here, x5 is a free variable:

—1’2—{[‘3:0 — T9 = —I3,

—x1+ a2 +4x3=0 = 21 =29+ 423 = —23 + 413 = 323.

3
Choosing 3 = 1, we obtain: x5 = |—1
1
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1 1
Method 1: Solving (A — 21)x, = x; Usingx; = |0| and let x5 = |z |:
0 T3
01 4 1 1
0 0 —1| |zo| = |0].
0 0 1 T3 0

From each equation:
Row 3: 23 =0,
Row2: —23=0 — 23=0,
Row 1: 01’1+ZE2+4!L‘3:1:>I2+4(0):1:>I2:1

a
The entry x; does not appear in any equation, so x; is a free parameter (let vy = a): xo = |1
0
0
Choosing the simplest scalar a = 0 yields: x; = |1
0

Method 2: Solving (A — 27)?x, = 0 with (A — 21)xy # 0 First, compute (A — 21)*:

01 470 1 4 00 3
(A—20?=1(0 0 =1/ |0 0 —=1|=1{0 0 -1
00 1][00 1 00 1

The equation (A — 21)*x = 0 requires:

00 3| |n 0
0 0 —1f [x2| =|0] = 23=0.
00 1]]|=zs 0

£y
Thus, any vector in the generalized eigenspace has the form x = |2 ].
0
To ensure x has rank 2, we require (A — 2/)x # O:
I ) 0
(A=2I) |22l = | 0| #|0] = x2#0.
0 0 0
Choosing 1 = 0 and 25 = 1 gives:
0
X9 = 1 s
0

which automatically recovers the initial eigenvector x;:

1
Xlz(A—zf)XQI 0f .
0
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Thus (by any of the method), we have

1 a 3 1 0 3
Q=101 -1 orwecantake Q= (0 1 -1
00 1 00 1

g

Example 4.2.8 (Basis-change matrix for a companion matrix). Find a basis-change matrix ()
so that Q' AQ = J is the Jordan canonical form of the matrix

0
0
0

=~ = O O

Solution: Method 1: In Example 4.1.8, we computed

o O O =
S O = =
O = = O
__— 0 O

Now, one can find a basis-change matrix () = [X; X3 X3 X4 by comparing the column vectors

of AQ = QJ:
Ax; = X1, Axy =X5+ Xy, AX3=X3+Xs, Axy=x4+x3.

By computing an eigenvector of A belonging to A = 1, one can get x; = (1, 1, 1, 1).
The equation Axy; = x5 + X3 gives X2 = (a, a + 1, a + 2, a + 3) for any a. Take x5 =
(0, 1, 2, 3). Similarly, from equations Ax; = x3 + x3 and Ax; = x4 + X3, one can get
x3 = (b, b, b+ 1, b+ 3) for any b and set x3 = (0, 0, 1, 3), and successively one can take
x4 = (0, 0, 0, 1). We conclude that

1 000
1 100
Q_1210
1 3 31

One may check AQ) = @)J by a direct matrix multiplication.

Exercise 4.2.9 (From above Examples). Find a full set of generalized eigenvectors of the
following matrices:

@ [

2

o Ok o

2)

O =S
=~ N DN
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4.3 Cayley-Hamilton theorem

Let f(2) = amax™ + dpm_12™ 1 + -+ + a1z + ag be a polynomial, and let A be an n X n
square matrix. The matrix defined by

f(A) - amAm + CLm_lAm_l +-+ alA + CL()In
is called a matrix polynomial of A.

For example, if f(z) = 22 —2r +2and A = [ 21 , then

f(A) =A% —2A + 21,
5 4 1 2 10 5 0
_[4 5]_2l2 1]*2[0 11_[0 5]'
Exercise 4.3.1. Let \ be an eigenvalue of a matrix A. For any polynomial f(z), show that
f(A) is an eigenvalue of the matrix polynomial f(A).

The following theorem says that every matrix satisfies its characteristic equation.

Theorem 4.3.2 (Cayley-Hamilton). For any n x n matrix A, if f(\) = det(Al — A) is the
characteristic polynomial of A, then f(A) = 0.

Proof. First assume that A is the diagonal matrix given by

A0 .00

0 X ... O

0 0 ... A\,

The characteristic polynomial f(\) of A is
A— X\ 0 e 0
f(A) =det(A] — A) = det _ , ' , =[x =X).

. . . . j=1

0 0 A=\

For any positive integer k, powers of the diagonal matrix A are obtained by raising the diagonal
entries to that power:

A0 0
|0 A0
0 0 ... A

Hence, for any polynomial f(z) = ¢, ™ + 1™ L+ - - + 17 + ¢, the matrix polynomial

f(A)is

f(A) 0 0
f(A):CmAm+Cm_1Am_1+—|—01A+00]: f()‘Q) 0
00 . f(W)
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Since each \; for i = 1,...,n is a root of the scalar polynomial f()), we have f()\;) = 0.
Substituting these values back into f(A) yields

00 ...0

00 ...0
fA) = Doono =0

00 ...0

For an arbitrary square matrix A, let its Jordan canonical form be

J1 0

J: '.. :QilAQ_
0 Js

Since A¥ = QJ*Q~1, we have f(A) = Qf(J)Q . Thus, f(A) =0« f(J) = 0. Since

Jk 0 f(h) 0
Jk = and f(J) = ,
0 Jk 0 f(Js)

s

to show that f(.JJ) = 0, it is sufficient to show that f(.J;) = O for each Jordan block .J;. Let
Ji = Mol + N with eigenvalue )\, of multiplicity m, in which N = 0. Since the determinant
of similar matrices is same, f(\) = det(A — A) = det(A] — J). Let det(\ — J) =
(A= Xo)™g(\) for some g(\). Then, we have

F(Ji) = (Ji = XI)"g(J;) = (Mol + N — XoI)™g(J;) = N™g(J;) =0 g(J;) = 0.

OJ
Example 4.3.3. The characteristic polynomial of
3 6 6
A=10 2 0
-3 —12 -6
is f(A) = det(A] — A) = \* + A2 — 6, and
f(A) =A%+ A? — 64
27 78 54 -9 —42 -18
=10 8 0O [+1]0 4 0
—27 —102 -—54 9 30 18
3 6 6 0 00
—6(0 2 0|=10 0 0Of. O
-3 —12 —6 0 00

The Cayley-Hamilton theorem can be used to find the inverse of a nonsingular matrix. If
FO) = A"+ a,_ 1 A"t + -+« 4+ a; A + ag is the characteristic polynomial of a matrix A, then

0=f(A)=A"+a, 1 A" "+ + a1 A+ al,
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or —apl = (A" +a, AV - Fal)A.

Since ag = f(0) = det(0/ — A) = det(—A) = (—1)"det A, A is nonsingular if and only if
ap = (—1)"det A # 0. Therefore, if A is nonsingular,

1
A_l = _;(An_l + an_lAn_2 + -+ (l1]>.
0

Example 4.3.4 (Compute A~' by the Cayley-Hamilton theorem). The characteristic polyno-
mial of the matrix

4 2 =2
A=|-5 3 2
-2 4 1

is f(A) = det(Al3 — A) = A3 — 8\? + 17\ — 10, and the Cayley—Hamilton theorem yields

A3 —8A% + 17A = 1015.

Hence
—1 1 2
A :E(A —8A+17]3)
1 10 6 -6 8 4 2 =2 17 1 00
:TO_39718_E_532+E010
—30 12 13 -2 4 1 0 0 1
1 [—5 —10 10
:E 1 0 2. O
—14 20 22

Exercise 4.3.5. Let A and B be square matrices, not necessarily of the same order, and let
f(A) = det(AI — A) be the characteristic polynomial of A. Show that f(B) is invertible if
and only if A has no eigenvalue in common with B.

The Cayley—Hamilton theorem can also be used to simplify the calculation of matrix
polynomials. Let p(\) be any polynomial and let f(\) be the characteristic polynomial of a
square matrix A. A theorem of algebra tells us that there are polynomials ¢(\) and () such
that

pA) = qN)f(A) +r(N),
where the degree of () is less than the degree of f(\). Then
p(A) = q(A)f(A) +r(A).

By the Cayley—Hamilton theorem, f(A) = 0 and

Thus, the problem of evaluating a polynomial of an n X n matrix A or in particular a power
AF can be reduced to the problem of evaluating a matrix polynomial of degree less than n.
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Example 4.3.6. The characteristic polynomial of the matrix A = B ﬂ is f(A) = A2—2)X—3.

Let p(A\) = A* — 7TA3 — 3A2 4+ X + 4 be a polynomial. A division by f(\) gives that
p(A) = (A2 = 35X —10) f(\) — 34\ — 26.
Therefore

p(A) = (A2 —5A — 101) f(A) — 34A — 261

= —34A — 261
1 2 1 0] _[-60 —68
= [2 1] - lo 11 B [—68 —60] ‘ -

4.4 The minimal polynomial of a matrix

Let A be a square matrix of order n and let

fA) =det(A] — A) ="+ an_l)\”_l + oty A+ag = H(/\ — )™
i=1
be the characteristic polynomial of A, where m,, is the multiplicity of the eigenvalue ;. Then,
the Cayley—Hamilton theorem says that

A" + ClnflAnil + -+ CLlA + CL()I = H(A — )\ZI>mZ = 0.
i=1
The minimal polynomial of a matrix A is the monic polynomial m(\) = > ¢; A" of
smallest degree m such that

1=0

Proposition 4.4.1. The minimal polynomial of a matrix A divides any polynomial p(\) such
satisfying p(A) = 0.
In particular, the minimal polynomial of A divides its characteristic polynomial.

Proof. Let m()\) be the minimal polynomial of the matrix A and p(\) be a polynomial of A
satisfying p(A) = 0.

Let p(A) = g(A)m(\) + r(\), where the degree of () is less than the degree of m(\).
Since we are given that p(A) = 0 and by the definition of minimal polynomial m(A) = 0, we
have

0 = p(A) = ¢(A)m(A) +r(A) = r(4)
Since the degree of r(\) is less than the degree of m(\), the minimality of m(\) implies that
r(A) = 0. Hence,
p(A) = qA)m(A) orm(A) [ p(A).
Thus, minimal polynomial of A divides any polynomial p(\) such satisfying p(A) = 0.

In particular, by the Cayley-Hamilton theorem, the minimal polynomial m(\) divides the
characteristic polynomial. O
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Since the minimal polynomial m(\) divides the characteristic polynomial f(\) = det(A] —
A) =TI, (A = X\;)™, we have

S

m(A) = JJ(A = )"

i=1
with k; < m,;. For example, the characteristic polynomial of the n X n zero matrix is A"™ and
its minimal polynomial is just \.
Clearly, any two similar matrices have the same minimal polynomial because
[[@'4Q — 1) =Q7! (H(A - /\if)]ﬁ) ©
i=1 i=1
for any invertible matrix Q).

Example 4.4.2 (For a diagonal matrix).

20000
02000
A=10 0 2 0 0],
00050
00 0¢O0 S5
its characteristic polynomial is f(\) = (A — 2)3(\ — 5)2. However, for the polynomial
m(A) = (A —2)(\ — b), the matrix m(A) is
00 0O0O0|=3 0 0 00
00 00O 0 -3 0 00
m(A) = (A—2I)(A—5)=1{0 0 0 0 0/|0 0 -3 0 0|=0
00030 0O 0 0 00
000O03(0 0 0 0O
Hence, the minimal polynomial of A is m(A\) = (A — 2)(A = 5). O

Example 4.4.3 (The minimal polynomial of a diagonal matrix). (1) Any diagonal matrix
of the form \y/ has the minimal polynomial A — ). In particular, the minimal polyno-
mial of the zero matrix is the monomial A, and the minimal polynomial of the identity
matrix is the monomial A — 1.

(2) If an n x n matrix A has n distinct eigenvalues Ay, ..., A,, then its minimal polynomial
coincides with the characteristic polynomial f(\) = [T ; (A — X;).
Proof. Let m(\) be the minimal polynomial of the diagonal matrix D. We know that
m(A) | f(A). We claim that m(X) = f(\). Since f()\) is a product of distinct linear
factors (A — \;), if m(\) # f(A), then m(\) must omit at least one factor (A — J;).
We know that m(D) = 0. But the (j, j)-entry of m(D) = [];,;(D — \I) is equal to
[1;2;(A; — A;) # 0. Hence, the minimal polynomial is the same as the characteristic
polynomial. U

Example 4.4.4 (The minimal polynomial of a Jordan matrix J with one or two blocks). (1)
For any 5 x 5 matrix A similar to a Jordan block of the form

M 1 0 0 0
0 X 1 0 0
Q'AQ=J=|0 0 X 1 0,
0 0 0 X 1
0 0 0 0 X
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its minimal polynomial is equal to the characteristic polynomial f(\) = (A — \g)?,
because (J — \oI)* # 0 but (J — \oI)° = 0.
(2) Consider a matrix J having two Jordan blocks belonging to a single eigenvalue A, say

N 1 0 0
0 N 1 0 0
I o 0 0 XN 1
J:[OI J]: 0 0 0 X\
2 M 1 0
0 0 N 1
i 0 0 A]

For J; of size 4, we have
(J1— Xol)? #0, (J— Xly)* =0.

So the minimal polynomial of J; alone is: mz, (\) = (A — o).
For J, of size 3, we have
(Jo — Xol3)2 # 0, (Jo— Nol3)® =0.

So the minimal polynomial of .J; alone is: mz,(\) = (A — \g)®.
Hence, the minimal polynomial of .J is

m(A) =lem (A= Xo)", (A= Xo)*) = (A = )™= = (A = Ag)".

(3) For a matrix J having two Jordan blocks belonging to two different eigenvalues \y # \;
respectively, say

N 1 0 0 0
0 X 1 0 0
0 0 XN 1 0 0

J_[Jl 0]_ 0 0 0 X 1
0 J 0 0 0 0 X

M 10

0 0 A\ 1

i 0 0 M|

the minimal polynomial of J is a product of the minimal polynomials of J; and .Js,
which is (A — Xg)°(A — \)3.

By a method similar to the above example, one can have the following theorem.

Theorem 4.4.5. For any n x n matrix A or its Jordan canonical matrix J, its minimal
polynomial is TTi_; (A — \;))¥, where \y, ..., \; are the distinct eigenvalues of A and k; is
the order of the largest Jordan block in J belonging to the eigenvalue \;.

Since for a diagonal matrix, every block is of size 1, we have the following corollary for
the minimal polynomial of a diagonalizable matrix.
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Corollary 4.4.6. A matrix A is diagonalizable if and only if its minimal polynomial is equal
10 TTi_y (A — \;), where M\, ..., \; are the distinct eigenvalues of A.

Example 4.4.7 (Computing the minimal polynomial). Compute the minimal polynomial of A
for

MA=10 2 —1|, @A= .
00 3 00 0 1
—1 4 —6 4

Solution: (1) Since A is triangular, its eigenvalues are \; = \y = 2, A3 = 3. But, rank(A —
21) = 2 and so A is not diagonalizable. Hence, its minimal polynomial is m(A) = (A —
2)%2(\ = 3).

(2) Recalling Example 4.1.8, we know that the eigenvalue of A is A = 1 of multiplicity 4, and
rank(A — I) = 3. It implies that the Jordan canonical form of A is

Y

O = = O

0
0
1
1

oSO O
S O ==

and the minimal polynomial of A is m(A) = (A — 1), by the above theorem. O

Example 4.4.8. Compute the minimal polynomial of A for

1
0
A_O

—_ O N
O NN =
w o O =

-1

Solution: First show that the characteristic polynomial of A is f()\) = (A — 2)*. Note that
rank(A — 2/) = 2. So, this rank 2 is coming from a block of order 3 or two blocks of order 2
each in the 4 x 4 matrix. However, rank(A — 27)? = 1 and this implies that there must be
one block of order 3; for if there were two blocks of order 2, then the rank of (A — 27)? would
be 0. Thus, the Jordan canonical form J of A is

S O O
S O N =
NN = O
N O OO

So, the minimal polynomial of A is m(A) = (A — 2)3, by the above theorem. O

Exercise 4.4.9. In Example 4.1.5, we have seen that there are seven possible (nonsimilar)
Jordan canonical matrices of order 5 that have a single eigenvalue. Compute the minimal
polynomial of each of them.
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4.5 Quadratic Forms

4.5.1 Basic properties of quadratic forms
A quadratic equation in two variables = and y is an equation of the form
az® + 2bry + cy* +dv +ey + f =0,

in which the left-hand side consists of a constant term f, a linear form dx + ey, and a quadratic
form az? + 2bzy + cy®. Note that this quadratic form may be written in matrix notation as

2 2 a b xr T
ar” + 2bxy + cy —[:c y] lb C] [y] = x" Ax,

x= 1] wa A=yl

Note also that the matrix A is taken to be a (real) symmetric matrix.

where

Geometrically, the solution set of a quadratic equation in = and y usually represents a conic
section, such as an ellipse, a parabola or a hyperbola in the zy-plane.

(Deﬁnition 4.5.1. (1) A linear form on the Euclidean space R" is a polynomial of degree\
1 in n variables x1, o, . . ., z,, of the form

n
bTX = Z bil’i,
=1

where x = [z1 ... z,)T andb = [b; ... b,]" in R™
(2) A quadratic equation on R" is an equation in n variables x1, xo, . . ., x,, of the form

f(X) = Z Z Qi T; T + Z blﬁz +c= O,
i=1j=1 i=1

where a;;, b; and c are real constants. In matrix form, it can be written as

f(x)=x"Ax+b'x+c=0,

where A = [a;;], x = [21 ... z,)" andb = [by ... b,]" inR".
(3) A quadratic form on R” is a (homogeneous) polynomial of degree 2 in n variables

T1,Zs, ..., T, of the form

sl
q(X) =X AX = |:.Z'1 o ... $n:| [aij] . = ZZCLUIZ’.TJ’,
: i=1j=1
Tn
L where x = [71 22 ... z,]T € R" and A = [a;;] is areal n X n symmetric matrix. )

It is also possible to define a linear form and a quadratic form on the Euclidean complex
n-space C" instead of the Euclidean real n-space R".
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The real quadratic form on R" and the complex quadratic form on C™ can be denoted
simultaneously as ¢(x) = (x, Ax) by using the dot product on the real n-space R"™ or on the

complex n-space C".

Remark 4.5.2. A quadratic equation f(x) is said to be consistent if it has a solution, i.e.,
there is a vector x € R"™ such that f(x) = 0. Otherwise, it is said to be inconsistent. For
instance, the equation 222 + 3y? = —1 in R? is inconsistent. In what follows, we will consider

only consistent equations.

The solution set of a consistent quadratic equation f(x) = x’ Ax + b’x +c¢=0isa
level surface in R"”, that is, a curved surface that can be parameterized in n — 1 variables. In
particular, if n = 2, the solution set of a quadratic equation is called a quadratic curve, or
more commonly a conic section. When n = 3, it is called a quadratic surface, which is an

ellipsoid, a paraboloid or a hyperboloid.
Example 4.5.3 (The standard three types of conic sections). (1) (circle or ellipse) %4—%—; =
1
1 with A = [062 (1)]
b2
(2) (hyperbola) i—z — ZI’]’—; =1lor Z—j — "g—z = 1 with

1 0 —1L 0
A= | or A=| ¢ i
R i

b2

(3) (parabola) 2% = ay or y? = bx with
1 0 0 0
A= [0 O] or A= [O 11 .

Example 4.5.4 (The standard four types of quadratic surfaces). (1) (ellipsoids) % + % +

L 0 0
Z=1withA=|0 L 0
0 0 %

22 y2 z2

erboloids of one or two sheets ‘”—i—l——;——Q:1(0f0nesheet)0r—%——2+—2:1
(2) (hyperboloids of heets) 75 +jz — % TR TG
(of two sheets) with

% 0 0 -5 0 0
A=|0 % 0| o A=|0 —3% 0
0 0 —% 0 0 %
. L 0 0
(3) (cones) & + % — 5 =0withA= |0 L 0
00 -4
(4) (paraboloids; elliptic or hyperbolic) 2% + Z—j = £ (elliptic) or 2—2 — z—; =2c¢>0
(hyperbolic) with
4 00 L 0 0
A=10 #% 0| or A=|0 —3% O
0 0 O 0O 0 0
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¢ Ellipsoid:

£2 y2 22

S

Figure 4.1: Ellipsoid

e Hyperboloid with 1 sheet:

- =1

$2 y2 22

a2 b2 2

Figure 4.2: Hyperboloid with 1 sheet

e Hyperboloid with 2 sheets:

Figure 4.3: Hyperboloid with 2 sheets
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VLT (772

e Cone:

x2+y2 = 22.

az® +by* = 2> (a and b are positive).

Figure 4.4: Cone

Exercise 4.5.5. Find the symmetric matrices representing the quadratic forms
(1) 922 — 23 + 422 + 62129 — 87173 + 2973,
2) zy+ 2z +yz,
3) 23+ a3 — :L‘§ — 22 + 23179 — 103174 + 42374,
4) —y? — 222 + 4oy + S8xz — 14yz.

Solution. The matrices associated with the above quadratic forms are:

9 3 -4 1 1 0 =5
M3 -1 1] 1 1.0 0
—4 1 4 G lo 0 -1 2
0 5 3 -5 0 2 -1
@[3 0 3 0 2 4
5 50 @ |2 -1 =7|.
4 -7 =2

e Paraboloid:

z =2+t

z=ax’+by* (a,b>0).

Figure 4.5: Elliptic Paraboloid
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e Hyperbolic Paraboloid:

z=a? —y>

Figure 4.6: Hyperbolic Paraboloid

4.6 Diagonalization of quadratic forms

A quadratic form on R" without a linear form may be written as the sum of two parts:

n
q(X) = XTAX = Z a“a:f + 2 Z aijxixj,
i=1 1<j

in which the first part 7 , aiixf is called the (perfect) square terms and the second part
>z aijT;x; is called the cross-product terms. The quadratic form ¢(x) = xT Ax can
be transformed into a new quadratic form without the cross-product terms by a suitable
change of variables. It can be done by computing the eigenvalues of A and their associated
eigenvectors. In fact, the symmetric matrix A can be orthogonally diagonalized, i.e., there
exists an orthogonal matrix P such that

A 0
A
PTAP = P'AP = D = 2
0 A,

Here, the diagonal entries \;’s are the eigenvalues of A and the column vectors of P are their
associated eigenvectors of A. Now, by setting x = Py, (that is, by a change of variables), we
have

x"Ax = y"(PTAP)y = y" Dy = Myi + Aoty + - + At

which is a quadratic form without the cross-product terms.

C )
Theorem 4.6.1 (The principal axes theorem). Let x’ Ax be a quadratic form in x =
(71 29 ... z,]T € R" for a symmetric matrix A. Then, there is a change of coordinates of

xintoy = PT'x = [y; yo ... yn|? such that

x'Ax = y' Dy = )xlyf I /\2y§ SF 000 SF )\nyﬁ,
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kwhere P is an orthogonal matrix and PT AP = P~YAP = D is diagonal. J

Clearly, the columns of the matrix P in the above theorem form an orthonormal basis for
R™ and it is called the principal axes of the quadratic form. The vector y is just the coordinate
expression of x with respect to the principal axes.

Example 4.6.2 (Via a diagonalization of a quadratic form). Determine the conic section
322 + 22y + 3y*> — 8 = 0 on R2.

Solution: In matrix form, it is

il Y-

The matrix A = [:13 ;] has eigenvalues \; = 2 and A\, = 4 with associated unit eigenvectors

1 1 1 1
vi=|—&, —F= and vo=|—7, —=|,
' <\/§ V2 ) ’ <\/§ V2 )
respectively, which form an orthonormal basis 5. If « denotes the standard basis, then the

basis-change matrix
1

P=[d|5 = [vi va] = ﬁ [

which is a rotation through 45° in the clockwise direction such that PT = P~!. It gives a
change of coordinates, x = Py, i.e.,

D T I S U
y| vz |-l 1)
32% + 2zy + 3y° = x' Ax = y' P APy

I 2 O o N2 N2 __

1 1} | cos45® sin45°
—1 1| |—sin45° cos4h°|’

1 . 1,7

It implies that

or

which is an ellipse with the principal axes v; = PTe; and v, = Ple,. d

To determine the type of a quadratic form, we have the following definition for a symmetric
matrix A or a quadratic form x7 Ax.

(Deﬁnition 4.63. Let A = Ja;] € M,x,(R) be a symmetric matrix and let\
x = (x1, 9, ..., x,) € R". Then, the matrix A, or a quadratic form xT Ax, is said
to be

(1) positive definite if x” Ax = Y, ; a;;z;x; > 0 for all nonzero x,
(2) positive semidefinite if x” Ax = >, ; a;;z;2; > 0 for all x,
(3) negative definite if x” Ax = >ij aijriry < 0 for all nonzero x,
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(4) negative semidefinite if x” Ax = 3, ; a;;z;2; < 0 for all x,
(5) indefinite if x” Ax takes both positive and negative values.

For example, the real symmetric matrix

2 -1 0
-1 2 -1
0 -1 2
is positive definite, because the quadratic form satisfies
[2 -1 0] [mn
T —
X' Ax = {xl T 1'3} -1 2 1| |z
L 0 -1 2 XT3
[ 22 — 2
= [1’1 i) .Tg} —x + 2{E2 — I3
—To + 233‘3

= 21(2x1 — x2) + xa(—x1 + 229 — x3) + x3(—22 + 223)
= Qxf — 2x179 + ng — 2x913 + 2x§
=27+ (21 — 22)° + (2 —23)* + 25 > 0
unless £1 = x9 = 3 = 0.
The following characterizations follow from the principal axes theorem.

C )
Corollary 4.6.4. A real symmetric or a Hermitian matrix A is

(1) positive definite if and only if all the eigenvalues of A are positive,

(2) positive semidefinite if and only if all the eigenvalues of A are nonnegative,

(3) negative definite if and only if all the eigenvalues of A are negative,

(4) negative semidefinite if and only if all the eigenvalues of A are nonpositive,
S (5) indefinite if and only if A takes both positive and negative eigenvalues.

/

Note that if A is positive definite, det A > 0 (as the product of all eigenvalues). If the
eigenvalues of A are all negative, then — A must be positive definite and consequently A must
be negative definite. If A has eigenvalues that differ in sign, then A is indefinite. Indeed, if \;
is a positive eigenvalue of A and x; is an eigenvector belonging to \;, then

Q(Xl) = <X1,AX1> = )\1<X1,X1> = )\1HX1H2 > 0,
and if )\, is a negative eigenvalue with eigenvector x,, then
q(x2) = (X2, AXz) = Ao(X2,X2) = >‘2”X2||2 < 0.

If A is definite, then 0 is the only critical point of a quadratic form ¢(x) = (x, Ax), and
q(0) = 0 is the global minimum if A is positive definite and the global maximum if A is
negative definite. If A is indefinite, then O is a saddle point.

4.7 A classification of level surfaces

The geometric type of the level surface of a quadratic equation x” Ax = 0 depends on the
signs of the eigenvalues of A. In fact, it is completely determined by the numbers of positive,
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negative and zero eigenvalues of A.

Definition 4.7.1. The inertia of a Hermitian (or a symmetric) matrix A is a triple of integers
denoted by In(A) = (p, ¢, k), where p, ¢ and k are the numbers of positive, negative and
zero eigenvalues of A, respectively.

The inertia In(A) determines the geometric type of the quadratic surface x” Ax = 0 on
R™ in the following sense. Since In(—A) = (¢,p, k) if In(A) = (p, ¢, k) and the equation
xT Ax = cis inconsistent if p = 0 and ¢ > 0, it suffices to consider the cases of ¢ > 0 and
p > 0. Excluding those inconsistent cases, we have the following characterization of the
solution sets for n = 2 and 3:

For n = 2, there are only three possible cases for In(A):

In(A) The solution of x? Ax = ¢
(p,q,k) | ¢>0 c=0

(2,0,0) | ellipse a point

(1,1,0) | hyperbola two lines crossing at 0
(1,0,1) | two parallel lines | a line

For n = 3, there are six possibilities:

In(A) The solution of x” Ax = ¢

(p,q,k) | ¢>0 c=0

(3,0,0) | ellipsoid a point

(2,1,0) | one-sheeted hyperboloid | elliptic cone

(2,0,1) | elliptic cylinder a line

(1,2,0) | two-sheeted hyperboloid | elliptic cone

(1,1,1) | hyperbolic cylinder two planes crossing in a line
(1,0,2) | two parallel planes a plane

In general, for an n x n symmetric matrix A, In(A) will have n(n + 1) /2 possibilities, each
characterizing a different geometric type of a quadratic form. For example, if In(A) = (n, 0, 0)
and ¢ > 0, i.e., the eigenvalues of A are all positive, then the quadratic form describes an
ellipsoid in R", etc.

Example 4.7.2 (The inertia determines the geometric type of the quadratic form). Determine
the quadratic surface for 27y + 2rz = 1 on R?,

Solution: The matrix for the given quadratic form is

and the eigenvalues of A can be found to be \; = V2, Aa = —v/2, \3 = 0, with associated
orthonormal eigenvectors

1 11 1 11 0 1 1
Vi = Er— Vo = _— . =, — Va = —
1 \/57 27 2 ) 2 27 272 ) 3 ) \/57 \/§ )
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respectively. Hence, an orthogonal matrix P that diagonalizes A is

P:5 1 1 —V2],
1 1 V2

and with the change of coordinates x = Py, that is,

1 1 1
p= @ —y), y= 5@ Y — V), s= sy V2,

NG >

the equation is transformed to v/2(2)2 — v/2(y')? = 1, which is a hyperbolic cylinder as
shown in the figure Note that In(A) = (1,1, 1). 0

e Hyperbolic cylinder:
{(z,y,2) € R®: 2% —¢y* = 1}. z
Figure 4.7: Hyperbolic cylinder

e Elliptical cylinder: =
s

s 72 yz 3 5* =

{(xvyaz)ERﬁ"‘ﬁ:l} 4 9 9
—4
-2 0 0
2 -2 Y
x 4

Figure 4.8: Elliptic cylinder
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e Parabolic cylinder:

{(z,y,2) € R? : y = 2?}.

Figure 4.9: Parabolic cylinder

Now, consider a general form of a quadratic equation on R"
xTAx +blx =c.

(1) If it does not have a linear form, i.e., b = 0, then, as shown already, a parabolic level
surface does not appear as a solution of the quadratic equation.

(2) Suppose that it has a nonzero linear form, i.e., b # 0. If the matrix A is invertible,
then, by taking a change of variables as y = x + %A_lb (orx =y — %A_lb), (itisa
translation) the given quadratic equation is transformed into a new quadratic equation
y' Ay = d without a linear form, where d = ¢ + 1b” A~'b. However, if A is not
invertible, the solution of the quadratic equation depends not only on the inertia of
A, but also on the type of linear form, and a parabolic level surface appears as the
solution of the quadratic equation with a nonzero linear form. For example, the equation
x? — z = ¢ has a singular quadratic form for which In(A4) = (1,0,2) and also has a

nonzero linear form that cannot be removed by any change of variables. The solution of

this equation is a parabolic cylinder when n = 3.

Example 4.7.3 (A quadratic equation having a linear form). Determine the conic section for
3x% — 6xy + 4y* + 20 — 2y = 0.
Solution: The matrix for the quadratic form 322 — 6xy + 4y? is

(3 -3

Its inverse is

1[4 3] 2
,1_7 o
A _3l3 3_ and b—[J.

With the change of variables y = x + %A_lb, that is

¥=z+-,
3
the equation is transformed to a new equation 3(2)? — 62’y + 4(y')? = % Clearly, the
matrix representation of the new quadratic form is also A4, and its eigenvalues are 3(7 & 1/37).

Therefore, In(A) = (2,0, 0) and the solution of the equation is an ellipse. O

y =,
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Exercise 4.7.4. Identify the level surface of each of the following quadratic equations:
(1) 222 + 2y + 6yz + 1022 = 9;
(2) 22 — 8xy + 16y% — 322 =8;
(3) 42 + 122y +9y? + 32 — 4 = 0.
We give some more solved examples below.
Example 4.7.5. Identify the surface given by 1122 + 6zy + 19y* = 80. Also convert it to the
standard form by finding the orthogonal matrix P.

Solution. The symmetric matrix associated with above quadratic form is
11 3
A= [ 3 19] )

We find the characteristic roots of A. We know that characteristic roots of A are the solutions
of det(A — A\I) = 0. Now,

det(A—A)=0
11 3 A0
(B -
-1 3 |_,
3 19—\

= (11-M)19-X\)—-9=0
=X —-30\+200=0
= (A —=10)(A—20) =0

Therefore 10 and 20 are the characteristic roots of A. Let m be a characteristic vector of A

corresponding to the characteristic root 10. Then

5 o]l

.11z + 3y = 10z and 3z + 19y = 10y.

_ 3
ie., r + 3y = 0. Taking y = 1, we have x = —3. Therefore, \/%*o [_13] = [ \{E] is an
V10

characteristic vector of A corresponding to the characteristic root 10.

Similarly for A = 20,
11 3| |z T
5 i) =)

S 11z + 3y = 202 and 3z + 19y = 20y.
1

ie., 3r —y = 0. Taking + = 1, we have y = 3. Hence, [‘/3}70] 1s an characteristic vector

V10
of A corresponding to the characteristic root 20. Therefore, the orthogonal matrix P (i.e.,

PPT =1)is

[y

3

_3 1
P:[ y10 m]'
10 V10

Dr. Jay Mehta jay_mehta@spuvvn.edu


mailto:jay_mehta@spuvvn.edu
jay_mehta@spuvvn.edu
jay_mehta@spuvvn.edu

134 §4.7. A classification of level surfaces

-G 3

3 !/ 1 / 1 / 3 /
=——0+—y andy = —2 — —v.
vio© T viod YT UmT T vio”
Substituting these values in the given equation 1122 +6xy+19y? = 80, we get 1022 4-20y% =
80 or z'? + 2y = 8. Therefore, the standard form of the given quadratic equation is

Now, let

—
o
o
o

2" + 2y = 8|and it is an ellipse.

e Ellipse: % + Zb’—; =1

Here, in this example, we have

Figure 4.10: An ellipse

U

Example 4.7.6. Reduce the quadratic form x% — x% — 4x129 + 42973 Into standard form by
finding an orthogonal matrix P. Hence determine the surface given by 3 — x2 — 4119 +
41’2553 =1.

1 =2 0
Solution. The matrix associated with the above quadratic formis A = |[—2 0 2 |. Check
0o 2 -1
that the roots of det(A — AI) = 0 are 3, —3 and 0 and characteristic vectors corresponding to
—2 —1 2
these characteristic roots are | £ |, | 57| and |3 | respectively.
i 5 P
: 3 L3 3
Hence, the required orthogonal matrix is
=2 -1 2
I
P=13 7 3
2 2
3 3 3
21 Y1
Let |z2| = P |yz|, ie, 21 = FPy1 — syo + 3ys, T2 = 21 — 2y2 + sy and x5 =
T3 Ya

%yl + %yg + %yg. Substituting these values in the quadratic form we get 3y —3y3. Therefore, the

standard form for the quadratic equation is|3y; — 3y; = 1 |and it is a hyperbolic cylinder. [

Example 4.7.7. Describe the conic C whose equation is 522 —4xy+8y>4+4v/52—16v/5y+4 =
0.

5 =2
-2 8
that 4 and 9 are the characteristic roots of A and the corresponding characteristic vectors are

Solution. The matrix associated with the above quadratic equation is A = [ 1 . Check
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2 —1
[\{5] and [‘éﬂ Hence, the orthogonal matrix
V5

|

S
Shsil

/
Let E,] =P Lﬂ ,le., o = %x — %y and ¢y’ = %x + %y Substituting it in the given

quadratic form we get 42 + 9> + 4\/3(%26/ — %y’) — 16\/5(%:10’ + %y’) +4=0,ie.,

42" 4 9y'? — 8x' — 36y’ + 4 = 0. Therefore, |4(2’ — 1)? 4+ 9(y' — 2)* = 36|, which is again
B

an ellipse.
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